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Towards the Three Dimensional Structure and Function of Neuropilin-1
Susmita Borthakur, Matthias Buck.
Case Western Reserve University, Cleveland, OH, USA.
Solution NMR spectroscopy with advanced techniques and spectrometers
working at high magnetic fields is a powerful tool to determine structures
of membrane proteins. We have characterized the structure of a transmem-
brane receptor, Neuropilin-1(Nrp1), and its interactions using solution NMR
spectroscopy. Nrp1 acts as a platform for the assembly of many receptor-
ligand complexes, such as Plexin-Semaphorin or VEGFR-VEGF, and adhe-
sion molecules. Association of Nrp1 with the receptor-ligand complexes is ab-
solutely essential for the angiogenic role of VEGFR, or the cardiovascular and
neuronal development driven by Plexins. Despite the crucial roles played by
Nrp1, our understanding of Nrp1 transmembrane and intracellular signaling is
still sketchy with no mechanistic characterization at the protein structure
level.
Here we present the topology and the interactions of an Nrp1 construct includ-
ing the membrane proximal region, the TM domain and the intracellular
domain. NMR structural characterization of Nrp1 was carried out in n-dodecyl-
phosphocholine (DPC) micelles and paramagnetic relaxation enhancement
(PRE) with a combination of lipophilic and hydrophilic spin labels was used
to map the topology of the construct. The interaction of the Nrp1 intracellular
region with plexin-D1 intracellular region was characterized by NMR chemical
shift perturbation experiments, isothermal titration calorimetry (ITC) and sur-
face plasmon resonance (SPR). The study provided a glimpse of the topology
and novel interactions of the elusive TM and intracellular domains of Nrp1 at
atomic resolution.
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Hydration Dynamics as a Molecular Ruler for Refining Protein Structure
at Lipid Membrane Interfaces
Chi-Yuan Cheng1, Jobin Varkey2, Ralf Langen2, Songi Han1.
1University of California, Santa Barbara, Santa Barbara, CA, USA,
2Department of Biochemistry and Molecular Biology, Zilkha Neurogenetic
Institute, Keck School of Medicine, University of Southern California, Los
Angeles, CA, USA.
Although the 3D protein structure provides the molecular basis for unraveling
its unique function, the structural characterization of protein at lipid mem-
brane interfaces is experimentally challenging under physiological conditions.
Here, we demonstrate the feasibility of using the long-range and distinct gra-
dient in hydration dynamics along the bilayer normal as a molecular ruler to
determine the secondary structure, orientation, and immersion depth of a mem-
brane-associating protein. It was made possible through the quantification of
translational diffusion of loosely bound hydration water at the specific sites of
protein and lipid bilayer using our newly developed method, Overhauser Dy-
namic Nuclear Polarization (ODNP)-1H NMR spectroscopy. This study is
demonstrated on a-synuclein (aS), a protein associated with Parkinson’s dis-
ease, free in solution vs. bound on an overall negatively charged phospholipid
vesicle.
ODNP exhibits that the membrane-bound aS forms an a-helix from residue-76
to 90, where the center of the a-helix is positioned ~1 below the lipid phos-
phate. Our data extends the current understanding by showing that residues
90 to 96 of bound aS form a transition segment that links the a-helical domain
and the C-terminus with a larger turn than an idealized a-helix, and that the un-
structured C-terminus gradually threads outward through a distinct hydration
dynamics gradient spanning 10-20 between the water-membrane interface
and bulk solvent. Remarkably, ODNP enables to resolve the structural nature
of protein functional domains residing 10-20 above the lipid phosphate, which
it is difficult to access experimentally. This study debuts the hydration dynam-
ics gradient at protein-lipid interfaces as a high-resolution molecular ruler for
probing the structure of membrane proteins and peptides, whose membrane-
bound conformation, location and hydration signature are critical to under-
standing their biological functions.
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On-Column Method for Nanodisc Preparation and its Application to
Solution NMR
Robbins Puthenveetil, Olga Vinogradova.
University of Connecticut, Storrs,, CT, USA.
Several model systems are currently available for studying membrane proteins.
One such relatively new system called nanodiscs has been emerging as a prom-
ising alternative. Nanodiscs are discoidal nanolipoproteins, having a nanoscale
phospholipid bilayer held together by an amphipathic helical membrane scaf-
fold protein (MSP). Due to their soluble nature, ease of concentration, mono-dispersity, temperature stability, and compatibility with cell free expression,
nanodiscs present a competitive edge over other available systems for studying
membrane proteins. With our aim of carrying out structural investigation of
membrane proteins within nanodiscs using solution NMRwe reduced the diam-
eter of the self assembly complex to its potential limit there by achieving
shorter rotational correlation times. This is shown by the noticeable improve-
ment in the spectrum quality of the transmembrane and cytoplasmic domains
of integrin aIIb incorporated into these newly developed minimalistic nano-
discs. With the vested interest in generating large ‘‘NMR’’ quantities of homog-
enous samples in the shortest possible time we developed an on-columnmethod
for preparing protein incorporated nanodiscs. Not only did we achieve a rapid,
single step, homogenous preparation at one third the time, but we did so with
the concurrent separation of protein incorporated discs from the empty discs.
This is beneficial as it improves the yield by reducing the number of purification
steps, providing a more pure homogeneous sample typically required for struc-
tural studies. We have exemplified our new method by reconstituting both bac-
teriorhodopsin and integrin aIIb using two different strategies within
nanodiscs. The nanodiscs prepared by our method have been characterized
by Transmission ElectronMicroscopy, Dynamic Light Scattering and Differen-
tial Scanning Calorimetry.
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Secondary Structure and Folding of Amino Acid Transporter from Outer
Chloroplast Membrane
James D. Zook1, Trivikram R. Moulgu2, Neil Jacobsen2, Guangxin Lin3,
Brian Cherry1, Michael F. Brown2, Petra Fromme1.
1Arizona State University, Tempe, AZ, USA, 2University of Arizona,
Tuscon, AZ, USA, 3SABIC, Mount Vernon, IN, USA.
Solving high-resolution structures for membrane proteins continues to be
a daunting challenge in the structural biology community. OEP16 is a trans-
membrane amino acid selective transporter with a molecular mass of 16 kDa
[1]. Here we report high-resolution NMR results for OEP16 solubilized in
SDS detergent micelles. Three-dimensional NMR experiments were performed
on U-15N, 13C- labeled and 80% perdeuterated protein to assign protein back-
bone resonances and obtain secondary structure information. To understand the
protein dynamics and function 15N relaxation, amino acid titration, and 2H ex-
change experiments were performed. The chemical shift data for 15N, 1HN,
13CO, 13Ca and 13Cb nuclei obtained from three-dimensional NMR experi-
ments were used to assign 95% of the backbone amino acid residues. Chemical
shift data were analyzed using the TALOSþ program to detect the secondary
structure elements and to estimate 1H-15N bond orientational order parame-
ters. Our analysis leads to three important conclusions: the tertiary structure
of OEP16 involves four transmembrane helices connected by flexible loop re-
gions, it is likely to be monomeric in SDS micelles, and the ligand binding sites
could be located. The a-helix content calculated in this method (55%) fits well
with previous measurements (50%) [1]. Our 15N relaxation data supports the
predicted secondary structure and helps in estimating the isotropic global rota-
tional correlation time (tm) [2]. The value of tm indicates that OEP16 is
a monomer in SDS micelles. The 2H exchange data revealed solvent exposed
regions in the protein that aid in understanding the tertiary structural folding of
the protein. The present study provides a basis for a high resolution structural
determination of this membrane protein in future NMR experiments. [1] D. Ni
et al. (2011) Protein Expression Purif. 80, 157-168. [2] M. F. Brown (1982)
J. Chem. Phys. 77, 1576-1599.
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Computational Studies of Membrane Protein Based on NMR Observables
Xi Cheng, Sunhwan Jo, Wonpil Im.
The university of kansas, Lawrence, KS, USA.
Various NMR observables, such as chemical shift anisotropy (CSA) and dipo-
lar coupling (DC) in solid-state NMR, and residual dipolar coupling (RDC) in
solution NMR experiments, have been used to characterize membrane protein
structures. As time- and ensemble-averaged measurements, those observables
also embed protein dynamics, which provide collective motions relevant to pro-
tein function. However, most of present NMR structure determination ap-
proaches do not consider protein-lipid interactions, which are essential
determinants of membrane protein structure and function. To overcome these
limitations, various NMR observables are utilized as restraints to refine struc-
ture and explore dynamics in the explicit (bilayer and micelles) membranes.
Restrained molecular dynamics simulations were performed for structure re-
finement, and ensemble dynamics techniques were implemented to investigate
protein dynamics. As a representative membrane protein, Pf1 coat protein is
used to as the model system. It is a single-pass transmembrane helical protein
with a membrane associated periplasmic helix. The resulting structures satisfy
222a Monday, February 4, 2013the NMR observables and compared to the published structures. With respect to
the explicit membrane, the disposition of Pf1 TM helix was identified and the
dynamic nature of the periplasmic helix orientation was observed.
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Biophysical Characterization and Conformational Analysis of the GTPase
Domain of Pre-Protein Import Receptors atToc33G and psToc34G
Geetika Patel, Matthew D. Smith, Arthur G. Szabo.
Wilfrid Laurier University, Waterloo, ON, Canada.
atToc33 and psToc34 are GTPases-, that act as receptors for pre-protein import
in the chloroplast outer envelope. Various lines of evidence suggest that the
GTPase domain of atToc33 (atToc33G) dimerizes, including native PAGE
studies (Weibel et al., 2003), gel-filtration experiments (Yeh et al., 2007) and
filter binding assays (Koenig et al., 2008). The crystal structure of atToc33
shows that it is a monomer (Koenig et al., 2008) while psToc34 crystallizes
as a dimer (Sun et al., 2002). The R130A atToc33 mutant apparently leads to
monomer formation in vitro (Reddick et al., 2007; Weibel et al., 2003).
Both-, atToc33-wt and atToc33-R130A bind GTP and GDP with high affinity
and hydrolyse GTP with similar efficiencies (Weibel et al., 2003). To further
investigate the conformations of these GTPases, and to characterize their
optical spectroscopic properties, we first, expressed atToc33G and its R130A
mutant in high yield. Initial characterization of these proteins by CD spectros-
copy revealed significant a-helical content in their secondary structure.We also
examined the effect of an increase in protein concentration of atToc33G and its
R130Amutant using CD and fluorescence spectroscopy. CD spectral line shape
does not change with increasing protein concentrations indicating that no or
only small conformational changes occurs as the concentration increases.
Fluorescence spectra for both proteins are superimposable with an intensity
maximum at ~320nm. The addition of GDP to both the proteins leads to reduc-
tion of intensity. No wavelength shift in emission spectrum was observed. Our
spectroscopic results and anisotropy experiments show that both atToc33G and
atToc33G R130A are monomeric, irrespective of the protein concentration
and also in presence of GDP or GTP. Experiments to compare atToc33G and
atToc33G R130A with their corresponding homologues from Pisumsativum
are also presented.
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Binding and Oligomerization of Bcl-2 Family Proteins on Supported Lipid
Bilayers with Single Molecule Resolution
Martin Kurylowicz, Sanjeevan Shivakumar, Aisha Shamas-Din,
Brian Leber, David W. Andrews, Cecile Fradin.
McMaster University, Hamilton, ON, Canada.
Bid, Bax and Bcl-XL are apoptosis-regulating proteins that play a key role in
mitochondrial outer membrane permeabilization during programmed cell
death. Elucidating the molecular mechanisms regulating the function of these
proteins is essential to understanding how apoptosis can be controlled with
drugs, i.e. increased in diseases such as cancer, or decreased in the case of
stroke. Cleaved Bid (cBid) recruits Bax to the mitochondrial membrane, which
forms oligomeric pores and triggers cell death through the release of cyto-
chrome c into the cytoplasm. Bcl-XL is also recruited to the membrane by
cBid, but inhibits apoptosis. In this study, fluorescent confocal microscopy is
used to characterize the membrane-binding behaviour of cBid to a mitochon-
dria-like supported lipid bilayer in the presence and absence Bax and Bcl-
XL. By working at dilute concentrations of fluorescent protein, single molecu-
lar complexes could be detected by fitting Gaussian profiles to diffraction-
limited spots. The oligomerization state of cBid was determined by normalizing
the fluorescence intensity by the brightness of a cBid monomer, as measured
using fluorescence fluctuation techniques. This method revealed two main pop-
ulations of cBid molecules: monomers which diffuse in the plane of the mem-
brane and higher order oligomers which are predominantly immobile. This
suggests that Bid goes from a membrane associated to a membrane inserted
conformation due to homo-oligomerization.
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Single-Molecule Observation of Folding and Insertion of OuterMembrane
Proteins in Droplet Interface Bilayers
David P. Marshall, Mark I. Wallace.
University of Oxford, Oxford, United Kingdom.
Outer membrane proteins (OMPs) are key players in the interface between
Gram-negative bacteria and the environment. OmpA serves as an archetypical
model of b-barrel membrane protein folding and insertion [1]. Here we use
TIRF (Total Internal Reflection Fluorescence) and FRET (Fo¨rster Resonance
Energy Transfer) microscopy in a droplet interface bilayer system [2] to inves-
tigate the folding and insertion on a single-molecule level.
[1] Kleinschmidt, J.H. Cellular and Molecular Life Sciences 2003 60, 1547
[2] Thompson, J. R. et al. Nano Letters 2007 7, 38751137-Pos Board B29
Single Molecule Studies of the General Secretory System
Raghavendar R. Sanganna Gari, Nathan C. Frey, Linda L. Randall,
Gavin M. King.
University of Missouri, Columbia, MO, USA.
In bacteria and archaea many proteins use the protein conducting channel
SecYEG either to transport across the membrane bilayer or to integrate into
the bilayer. Further, it is known that the ATPase SecA binds SecYEG to
perform translocation. Crystal structures of detergent-solubilized SecYEG
and SecA bound to SecYEG have been reported [Nature 427, 36 (2004); Nature
455, 936 (2008)]. In recent years atomic force microscopy (AFM) has emerged
as an important complementary tool to study membrane proteins at the single
molecule level in near native conditions. In this work we study two central
components of the bacterial secretory system (SecYEG and SecA) in mem-
brane via AFM. We have obtained images of proteoliposomes containing
just SecYEG, and SecYEG proteoliposomes assembled in the presence of
SecA (SecY$A). All samples were adsorbed on mica surfaces and imaged in
aqueous buffer solution. We collected several hundred images of each sample
to provide statistics. Heights of SecYEG and SecY$A protruding above the
lipid bilayer are in close agreement with crystal structure data and the topolog-
ical asymmetry of SecYEG allows orientation determination. From volume
calculations we are able to differentiate SecYEG monomers from dimers and
higher order oligomeric states. Images of SecA bound to lipid (i.e, in the
absence of SecYEG) were also obtained. In this case, the heights of SecA
bound to the lipid are significantly different than the heights of SecY$A sug-
gesting distinct binding modes of SecA to lipid compared to SecA to SecYEG.
Further experiments and analysis will be required to conclusively determine the
oligomeric state of active SecYEG during translocation.
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Association/Dissociation of the Nucleotide-Binding Domains of an ATP-
Binding Cassette (ABC) Exporter during the ATP Hydrolysis Cycle
Rebecca S. Cooper, Guillermo A. Altenberg.
Texas Tech University Health Sciences Center, Lubbock, TX, USA.
ATP-binding cassette (ABC) proteins constitute one of the largest protein fam-
ilies, and most are membrane transport proteins. Eukaryotic exporters in this
group, including the multidrug resistance protein P-glycoprotein, have been
linked to chemotherapy resistance due to their extrusion of anticancer agents
from cells. Like its prokaryotic homologMsbA, P-glycoprotein has a functional
core composed of two transmembrane domains and two nucleotide-binding do-
mains (NBDs). Substrate transport is driven by ATP hydrolysis, but the mech-
anism of hydrolysis is controversial. The proposed mechanisms can be broadly
classified as: 1) monomer-dimer models, where alternating access depends on
a large separation of the NBDs (up to 50 angstroms) during the ATP binding/
hydrolysis cycle, or 2) constant-contact models, where the NBDs remain asso-
ciated during the cycle. To address the ABC exporters’ mechanism, we used
lanthanide-based resonance energy transfer (LRET) to follow the intra-
molecular movements of MsbA during the ATP binding/hydrolysis cycle. Al-
though the MsbA NBDs sample three discrete positions during the cycle, the
average NBD separation decreases dramatically after the addition of ATP to
the Apo (nucleotide-free) protein. ATP binding reduced the predominant
NBD separation distance from 50 to 35 angstroms. ATP hydrolysis elicited
by MgATP relaxed a fraction of the NBD dimer population towards the Apo
state. These steady-state distance measurements are consistent with a mono-
mer-dimer model. The correlation between rates of NBDs dissociation (deter-
mined from kinetic LRET measurements) and ATP hydrolysis are consistent
with monomer-dimer models, where the NBDs dissociate during each hydroly-
sis cycle. This work was supported by a grant from CPRIT grant RP101073 and
an American Heart Association Pre-doctoral Fellowship 11PRE7360046
to RSC.
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ATP Hydrolysis at One Site Drives the Dissociation of ATP-Binding
Cassette Nucleotide-Binding Domains
Maria E. Zoghbi, Guillermo A. Altenberg.
Texas Tech University Health Sciences Center, Lubbock, TX, USA.
Typical ATP Binding Cassette (ABC) transporters are membrane proteins that
couple the energy from ATP hydrolysis to transport of an extended variety of
substrates, including nutrients, toxins, peptides and even ions. Basically they
are formed by two transmembrane domains and two nucleotide binding do-
mains (NBDs). Currently, there are two main models to explain the conforma-
tional changes that occur in the NBDs in response to ATP binding and
hydrolysis: a switch-model that proposes NBDs association/dissociation, and
a constant-contact model with the NBDs always in contact during the transport
cycle. Recently, using Luminescence Resonance Energy Transfer (LRET) and
